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Abstract: Continuous respiratory monitoring is extensively important in clinical applications.
To effectively assess respiration rate (RR), tidal volume (TV), and minute ventilation (MV),
we propose and experimentally demonstrate a respiration monitoring system using an in-line
few-mode fiber Mach-Zehnder interferometer (FMF-MZI), which is the first to introduce in-line
MZI into an optimal wearable design for respiration rate and volume monitoring. The optimal
linear region of the proposed sensor is analyzed and positioned by a flexible arch structure with
curvature sensitivity up to 8.53 dB/m−1. Respiration monitoring results are in good agreement
with a standard spirometer among different individuals. The difference in TV estimation is± 0.2
L, and the overall error of MV estimation is less than 5%.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Obstructive sleep apnea is a common and potentially lethal sleep disorder affecting at least 4% of
adult males and 2% of adult females worldwide [1]. From a clinical point of view, respiratory
volume monitors (RVMs), which can provide real-time respiration rate and volume information,
are significant indicators for obstructive sleep apnea diagnoses [2]. A continuous respiratory
assessment has been well recognized as critical to certain disease diagnosis and patient safety,
particularly for post-operation of surgical patients. Among the respiratory parameters, respiration
rate (RR) refers to the frequency of breaths and is normally expressed as breaths-per-minute
(bpm). The irregular alteration of RR is found to be a significant indicator of a series of clinical
emergencies, such as asphyxia [3], cardiac abnormality [4], tissue hypoxia [5], sympathetic
and parasympathetic responses to trauma [6]. Tidal volume (TV) refers to the volume of air
moved into or out of the lungs within each breath, which provides information for respiration
depth. Minute ventilation (MV) refers to the amount of air the patient moves in one minute,
which can be obtained from the product of the RR and TV. The assessment of TV and MV is
commonly used to ensure protective mechanical ventilation without causing trauma to the lungs
[7]. Real-time monitoring of RR, TV, and MV plays a vital role in the diagnosis of some diseases
such as obstructive sleep apnea and post-operation of surgical patients. So far, the majority of
obstructive sleep apnea patients remain undiagnosed prior to surgery [8]. Thus, portable and
easy-to-use monitors are highly desired for both out-of-hospital healthcare and clinical care and
diagnosis.
To date, various techniques and instruments have been developed for continuous RR and TV

monitoring, including contact and non-contact methods [9–14]. For the contact monitoring,
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sensors are usually placed over the human body to measure respiratory activities, such as
airflow [9], blood oxygen saturation (SpO2) [10], electrocardiogram (ECG) morphology [11]
and abdominal movement [12]. The non-contact methods usually involve image sensors or
radiological technologies without direct contact with the human body, but are often immovable
and complicated [13,14]. In a clinical standard, current methods for RR and TV monitoring
usually involve specialized devices, including spirometry, impedance pneumography, inductance
plethysmography and photo-plethysmography [15]. However, these methods are designed
only in hospital tests, and hence, difficult to translate to everyday use due to their high costs,
needs for skilled operators, or limited mobility. Meanwhile, with numerous reports on specific
solutions or devices, the detected signals are usually electrically modulated by respiratory
activities. However, when an anesthetized patient is in magnetic resonance imaging (MRI),
traditional electrical/electronic sensors will fail as most of them are susceptible to electromagnetic
interference (EMI) [16]. Moreover, electrical devices also inevitably introduce external power
sources, like voltages or currents, which may raise safety concerns when contacting with human
body [17].

Optical fiber sensors provide an alternative for respiration monitoring due to several advantages,
among which are electromagnetic immunity, high sensitivity, lightweight and bio-compatibility
[18]. Several optical fiber sensors have recently been proposed for respiration measurement, and
their interrogation modes can be classified as wavelength-based and intensity-based [19–24].
For wavelength interrogation, Wo et al. proposed a non-invasive respiration sensor based
on distributed Bragg reflector (DBR) fiber laser [19]. Elsarnagawy developed a system for
simultaneously heartbeat and respiration rate monitoring using fiber Bragg grating (FBG) [20].
These wavelength-based methods often cause high costs. Intensity interrogation is cost-saving
since the optical power can be detected by a photodiode. For example, Yang et al. reported a
textile fiber optic microbend sensor for wearable respiration monitoring through the detection of
bending loss [21]. Hu et al. designed a zigzag curvature modulator for sedentary respiration
monitoring [22]. Di et al. used a fiber-optic deformation sensor for respiration monitoring with
a light leakage zone to increase the sensitivity [23]. These sensors exhibit unique and useful
properties for RR measurement; however, they may not be suitable for clinical evaluation as
they are not able to acquire instantaneous information and actual gas volume exchange. In [24],
Petrović et al. employed a long-period fiber grating (LPG) curvature sensors with a curvature
sensitivity of approximately 1.45 dB/m−1 for continuous monitoring of respiratory TV, which
is based on a correlation between the change in local torso curvature and the change in lung
volume. However, the measurement of instantaneous RR is not discussed in this paper. Moreover,
due to the out-coupling of light from the core to the radiation cladding modes, the commercial
LPG is known as sensitive to changes in ambient parameters. A recent work of Chen et al.
proposed a prototype system using a multi-core fiber (MCF) interferometer only for respiration
rate monitoring, the performance of the MCF, however, is not presented in this paper [25].
Therefore, the evaluation and adaptation to clinical requirements are still in an exploratory phase
in the state of the art.

In an attempt to overcome these challenges, we propose a wearable and compact optical fiber
sensor for RR and TV monitoring using an in-line few-mode fiber Mach-Zehnder interferometer
(FMF-MZI) based on the interference of two core modes, LP01 and LP11. Compared with most
grating-type sensors, the fabricated FMF-MZI features high sensitivity to curvature change,
while remaining insensitive to surrounding refractive index (RI) since the interference is centered
within the core of FMF [26]. We are the first to successfully fabricate and validate the FMF-MZI
optical interferometers for respiration monitoring that is capable of RR, TV, and MV acquisition,
which provides a wearable and portable solution for clinical respiratory assessment and long-term
home monitoring.



Research Article Vol. 11, No. 1 / 1 January 2020 / Biomedical Optics Express 318

The rest of the paper is organized as follows: Section 2 theoretically analyzes and models
the sensing principle and experimentally designed to maximize the sensitivity for respiration
monitoring. Section 3 introduces the system design. Section 4 is the validation experiments
and results of respiratory monitoring for different individuals. The experimental results are
evaluated and calibrated using a standard device. Section 5 summarizes the results of the paper
and provides possible improvements for future investigation.

2. Sensing principle and theoretical analysis

2.1. FMF-MZI curvature sensing principle

To illustrate the sensor design, we first briefly introduce the sensing principle of an FMF-MZI.
The curvature sensor based on an FMF-MZI is shown in Fig. 1, where an FMF with length L
is sandwiched between two single-mode fibers (SMFs) by a commercial fusion splicer (FITEL
S178A). The SMF is step-index SMF-28e and the FMF is supplied by YOFC Inc. with only
two core modes, LP01 and LP11. An enhanced extinction ratio in the interference spectrum is
obtained by introducing an axial offset of 5 µm at each end of the FMF. When light is emitted
from a broadband source and launched into the sensor section of FMF through an input SMF, the
two modes will be excited in the FMF. After traveling along the FMF, they will interfere at the
interface between the FMF and the output SMF. The phase difference between the two modes is
determined by:

ϕ =
2π
λ
(neff1 − neff2)L =

2πL
λ
∆neff (1)

where λ is the central wavelength, neff 1 and neff 2 are the effective refractive indices of LP01 and
LP11 modes,

a
neff is the difference of effective refractive indices between the two modes. Thus,

the intensity distribution of transmission spectra is given by:

I = I01 + I11 + 2
√
I01I11 cos(

2πL
λ
∆neff ) (2)

where I01 and I11 are the intensities of the LP01 and LP11 modes, respectively. It is well known
that the free spectral range (FSR) will decrease with the increase of interference length L [27].
After repeated experiments, the length of 80mm is chosen as an appropriate value since at least
one valley is included within the range of 1525-1565 nm for interrogation as shown in the inset
of Fig. 3(a).

Fig. 1. Structure of FMF-MZI. (FMF: few-mode fiber; MZI: Mach-Zehnder interferometer;
SMF: single-mode fiber)

When introducing the FMF-MZI design into respiration monitoring, a change in the abdominal
movement is detected as the bending of the FMF attached to the surface. When the sensing
portion of the fiber is subjected to external bending, neff1, neff2, and L will vary, which leads to
the shift of the phase difference and then the modulate of the light intensity. In a sector, the
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derivative of length L to curvature C is expressed by:

dL
dC
= −

θ

C2 = −
L
C

(3)

where θ is the fan angle. Therefore, the sensitivity of curvature induced intensity variation is
calculated by:

dI
dC
=

dI
dL

dL
dC
=

4π
λ
∆neff sin(

2π
λ
∆neffL)

L
C

(4)

It can be seen that the sensitivity varies under different curvature values. Therefore, a nonlinear
response of curvature induced intensity variation can be expected in a large curvature range, which
is experimentally demonstrated in Section 2.2. This sensing principle is similar to fiber gratings
like FBG or LPG whose spectral profile is periodically modulated with external perturbation;
however, the FMF-MZI has its advantages. First of all, most of the fiber gratings are easily
influenced by local ambient conditions, such as temperature varying or surrounding material
refractive index change. Besides, the stress or bending sensitivity of most commercial fabricated
grating-type fibers is quite limited. For the FMF-MZI used in our study, such a structure features
high sensitivity to bending while remaining insensitive to local ambient changes, since the
interfered modes are tightly bounded in the fiber core without the intervention of cladding mode.

2.2. FMF-MZI curvature sensing evaluation

The performance of the FMF curvature sensor is evaluated based on a schematic experimental
setup as shown in Fig. 2. The input SMF is connected to an amplified spontaneous emission
(ASE) (Haoyuan HYASECG13MFA) which acts as a broadband light source ranging from 1525
nm to 1565 nm. The output SMF is sent to an optical spectrum analyzer (OSA) (Yokogawa
AQ6370C) to monitor the transmission spectrum. A section of FMF-MZI is fabricated with a
length of 80 mm based on the experiments described in Section 2.1. In the setup, the entire
workspace is considered as a space with coordinates x-y-z as noted in Fig. 2. In the experiment,
the fiber sensor is placed on a pair of stages with a distance of L with a resolution of 50 nm.
One of the stages is fixed and the other one is movable inward y-direction with an increment
of 10 µm. With the movement of Stage 1, the distance L between the two stages will decrease
while the bending displacement d will increase. Therefore, the curvature is increased with the
displacement ∆y and the values can be calculated by adopting the approximation of the sine
function to the second-order as [27]:

C = 2
sin(L0C/2)
L0 - ∆y

≈

√
24∆y
L30

(5)

where L0 (L0>>∆y) is the initial distance between the stages. For practical concern, we evaluate
the power variation at 1550nm under different curvature values. The reason is that the light
source of this wavelength is an off-the-shelf product with compact design and stable performance.
The details of this light source will be presented in 3.2. Figure 3(a) shows the power loss of
transmission power at 1550 nm in response to the curvature, which is recorded by the OSA in
the experiment. With the curvature changing, the power loss varies. The inset subfigure is the
selected transmission spectra under different curvatures. Through the experimental test, we find
that the power loss (dB) exhibits a non-linear response to the curvature change ranging from 0
m−1 to 4.5 m−1. An optimal linear region is also obtained in the dotted blue box, indicating the
possible working region with maximum sensitivity. The linear fitting result is given in Fig. 3(b)
as well. Through linear fitting results, the maximum linear sensitivity of the curvature sensor is
up to 8.53 dB/m−1.
From a clinical point, chest and abdominal wall mobility are usually used for respiratory

assessment [28]. In this study, we evaluate respiration by monitoring the abdominal movement.
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Fig. 2. Schematic diagram of the experimental setup for FMF curvature sensing evaluation.
L is the distance between the two stages, d is the bending displacement of the FMF, ∆y is the
displacement along y-direction, θ is the half angle of the sector, R is the bending radius.

Fig. 3. Experimental power loss versus curvature change of the FMF. (a) Power response to
the curvature at 1550 nm of the FMF-MZI. The optimal linear region is boxed in the dotted
blue line. Inset: Selected transmission spectral under different curvatures. (b) Linear fitting
line of the boxed region.

During human respiration monitoring, the abdominal movement is in the level of millimeter or
sub-millimeter. This periodic abdominal movement can be sensed by the proposed FMF-MZI
under varying the curvature during respiration.

3. System design

3.1. Wearable design

With the theoretical analysis and the experimental validation of the proposed FMF-MZI, we then
introduce it to respiration monitoring, which aims to provide a wearable solution for respiratory
monitoring.

To monitor respiration with maximum sensitivity, the optimal linear region is positioned by a
flexible arch structure to create the time-varying FMF curvature caused by periodic abdomen
movement during respiration as the structure shown in Fig. 2. The two ends of the structure are
well fixed on an elastic textile as shown in Fig. 4(a). The textile used for respiration monitoring
should be flexible, durable and comfortable to wear. To meet these requirements, we use the
off-the-shelf product made of spandex and nylon due to their exceptional elasticity and durability.
For flexible concern, the two ends of the textile are equipped with Loop and Hook, making it
length-adjustable for different individuals with different sizes of waist. Figure 4(b) shows the
packaging procedure of the respiration sensor. The sensing section of the fiber is well attached to
the arch with an initial curvature within the optimal linear region, allowing the sensor to work at
maximum sensitivity when using for respiration monitoring. Instead of placing the sensing fiber
directly on the elastic belt, such an arch structure also periodically produces elastic force to the
sensing fiber, thus enhance the stability during respiratory movement. Figure 4(c) shows the
corresponding top view and side view of the packaged wearable respiration sensor. When the
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textile is subjected to external stretching, the sensing fiber will bend freely and synchronously
with the flexible structure, thus leading to the power change in the transmission spectrum. Besides,
the structure ensures that the bending direction is in the same plane vertical to its surface. The
mechanical design overcomes the asymmetry issue introduced by the splicing, which may lead to
different responses in different bending directions. This power change can then be detected and
analyzed for respiration monitoring. Through this wearable design, the FMF curvature change
can accurately follow the abdomen movement resulted from respiration and thus the detected
signal contains sufficient information for respiration monitoring.

Fig. 4. Wearable design of the proposed FMF curvature sensor. (a) Picture of the real
respiration sensor; (b) packaging procedure for respiration sensor; (c) top view and side view
of the proposed packaged wearable sensor.

3.2. System architecture

The entire monitoring system is composed of four major components as shown in Fig. 5(a),
including a light source, the packaged FMF-MZI curvature sensor, a photodiode, and a data
acquisition system. To provide a portable and wearable solution, the light source is a 1550
nm handheld laser, and the output signal is detected by an InGaAs photodiode (PDA 10CS
(-EC), Thorlabs). The hardware of data acquisition is provided by National Instrument Corp.
(USB-6002, NI) and the sampling rate is set with a frequency of 50 Hz, which is large enough
for respiration monitoring (normal respiration rate is between 0.2-0.3 Hz) [19], and the data
acquisition system is built on a LabVIEW platform. Figure 5(b) shows the wearable design of
the FMF-MZI sensor. When the textile is fastened on the abdomen position of a monitored
person, the movement of the abdomen will periodically stretch the textile during respiration, thus
leading to the curvature change of the flexible structure and the sensor attached on it. In this way,
respiratory characteristics can be obtained by monitoring the power loss of the output signal.

Fig. 5. System architecture. (a) Schematic of respiration monitoring system architecture;
(b) wearable design
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3.3. Respiration monitoring

With the design, our system is capable of monitoring the three significant parameters for
continuous respiration monitoring. RR refers to the frequency of breaths and normally expressed
as breaths-per-minute (bpm). For this study, the goal is to test the feasibility of the FMF-MZI
sensor for average RR and instantaneous RR monitoring. To accurately acquire RR, we propose to
use time-frequency analysis (TFA) since it provides effective methods for analyzing non-stationary
signals whose frequency varies over time. The details are shown in Section 4.2 with experimental
results.
TV refers to the volume of air into or out of the lungs within each breath, which provides

information for respiration depth. Konno and Mead first proposed that the respiration volume
exchange could be measured on the surface of the torso [29]. With the measure of the respiration
movement on the surface of the torso, it is highly likely to acquire the respiration volume with a
data-driven model. The FMF-MZI sensor detects a time-varying signal of respiration including
abdominal movement features, which can be used for establishing the data model. To perform
this task, a data-driven linear model was applied and then validated through experiments as:

∧yi =wTxi + b (6)

where yi (with the unit of L) is the predicted value of volume for respiration cycle i, xi (with the
unit of a.u) is an input feature vector of measured respiration intensity of the same cycle by the
FMF-MZI sensor, w is a model coefficient vector and b is the bias. The training process for
predicting TV is formulated as:

∧w= arg min
w

��������y − ∧y��������2
2

(7)

where the argmin function represents finding the value of w that minimizes the argument, i.e.
the loss function, and y is the vector of labeled volume measured by a standard spirometer. The
datasets for training the model are divided into training and testing sets. The TV is then calculated
by the amplitude difference of two consecutive breath-cycles in the abdominal movement signal.
The details of performing on experimental data are shown in Section 4.3.

MV refers to the volume of gas inhaled or exhaled from a person’s lung per minute, which
is an important parameter in respiratory medicine due to its relationship with blood carbon
dioxide levels. For clinical evaluation, we estimate MV by integrating the TV over one minute,
Vsensor

min =
∫ t+∆t
t TV(t)dt, where ∆t is one minute and Vsensor min is the MV value estimated by

the optical fiber sensor. To estimate the accuracy of the proposed FMF-MZI sensor for MV
measurement, we use a clinical spirometer for validation in the experiments and calculate its
relative error as measured by the optical sensor and the spirometer, respectively. The relative
error is defined by:

MVerror =
|Vspiro

min − V
sensor
min |

Vspiro
min

(8)

where Vspiro min is the actual MV measured by the spirometer. The proposed FMF-MZI sensor
for respiration monitoring is then validated in experiments and the results are illustrated in Section
4.4.

4. Experiments and results

4.1. Respiration monitoring validation

For respiration monitoring validation, five healthy volunteers aged 23-25 years old are recruited.
The volunteers are students from Tianjin University (TJU). Before the experiments, the experi-
mental procedure was clearly explained to each participant and written consent was also obtained
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before data recording. This study was approved by the ethical committee of the Department of
Biomedical Engineering at TJU before experiments.
During the experiments, the elastic textile is fastened on the abdomen position of different

participants and they are asked to relax and breathe normally for a time period. A minute sample
of the respiration signal detected by the FMF curvature sensor is shown in Fig. 6(a). From
the results, we observe that the detected respiration raw signal changes with time periodically,
indicating the behavior of inhalation and exhalation are well recorded and presented. The original
waveform is improved using a low pass filter to remove 50Hz powerline interference and other
high-frequency noises. Unavoidable baseline drift due to motion artifacts is further eliminated
using a wavelet decomposition algorithm. The issue of body movement during respiration
monitoring, which exists in all current optical fiber sensors [18–24], is still an open problem
for future research. The original signal is processed with MATLAB (Mathworks, Inc.) and the
results are shown in Fig. 6(b).

Fig. 6. Respiration waveform of one volunteer. (a) Raw signal; (b) filtered signal; (c)
breath-holding during inhalation; (d) breath-holding during exhalation.

Besides, to validate the feasibility of apnea detection by the proposed sensing system, the
scenario of apnea simulation is also investigated in the experiments. The volunteers were asked
to breathe normally in the beginning and then hold the breath for about 15 seconds. The results of
breath-holding during inhalation and exhalation are shown in Fig. 6(c) and Fig. 6(d), respectively.
From the waveform, we observe a period of a flat area which corresponds to the temporary stop
of breathing. There are some small oscillations at this period. It can be explained that the subject
did not keep the abdomen stable during breath-holding [23]. Thus, the results show that the
respiration system could be used for monitoring transient sleep apnea, which is promising for
long-term monitoring and clinical diagnosis due to the ease of wearability.

4.2. Respiration rate monitoring

To analyze the frequency distribution, Fast Fourier Transform (FFT) is applied and the respiration
frequency is acquired. Figure 7(a) and Fig. 7(b) show the frequency spectrums of volunteer 1
(male) and volunteer 5 (female), respectively. It can be seen that the peak values of the frequency
spectrums are within the range of 0.2-0.4Hz, which is in agreement with the physical truth
[19]. The difference in results indicates that the proposed FMF-MZI sensor can distinguish the
respiratory characteristics of different individuals.

The use of classical FFT can process signals that are stationary and infinite in time. However,
the respiration waveform could change gradually or abruptly with physiological conditions. For
obstructive sleep apnea, it is a typical respiratory disorder featured by repetitive episodes of
shallow or paused breathing during sleep. Therefore, time-frequency analysis (TFA) is proposed
to use since it provides effective methods for analyzing non-stationary signals whose frequency
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Fig. 7. Normalized respiration frequency spectrum of different volunteers. (a) A typical
result from a male volunteer; (b) a typical result from a female volunteer.

varies over time. In this study, we use smoothed pseudo-Wigner-Ville distribution (SPWVD)
to estimate the instantaneous RR of the subject during continuous monitoring. SPWVD is
an improvement of traditional Wigner-Ville distribution (WVD), which attempts to reduce the
interference of cross-terms by introducing smoothing windows as given by:

SPWVDx(t, f ) =
∫ ∞

−∞

h(τ)
∫ ∞

−∞

g(u − t)x(t +
τ

2
)x∗(t −

τ

2
)e−j2πfτdτ (9)

where x(t) and x*(t) are the detected signal and its complex conjugate, respectively; h(•) and
g(•) are the smoothing windows in the frequency and time domain, respectively. Figure 8(a)
and Fig. 8(c) shows the respiration waveform during respiration apnea and respiration recovery
after strenuous exercise. The corresponding instantaneous RR estimation via the SPWVD is
shown in Fig. 8(b) and Fig. 8(d), respectively. The maximum energy indicates the frequency at
each time instant. From Fig. 8(b), the energy concentrates on 0.3 Hz when breathing normally
while drops to 0 Hz when respiration disappeared, which corresponds to the flat area in the time
domain. Figure 8(d) shows the respiration recovery of a volunteer after strenuous exercise. It can
be observed that the subject was breathing fast after exercise, while it dropped to a normal rate in
the following period.

Fig. 8. Instantaneous respiration rate analysis (a) filtered respiration apnea in the time
domain; (b) respiration apnea in the frequency domain; (c) filtered respiration recovery in
the time domain; (d) respiration recovery in the frequency domain.



Research Article Vol. 11, No. 1 / 1 January 2020 / Biomedical Optics Express 325

With the SPWVD transformation, the instantaneous RR of the respiratory signal can be
effectively analyzed to help medical staff to locate the local characteristics of patients’ respiration,
and thus prevent potential danger.

4.3. Tidal volume estimation

To validate the wearable optical fiber respiration monitoring system for TV estimation, a standard
spirometer system (BH-AX-MAPG) is used to record the volume signal for calibration. The
spirometer system consists of a respiration flow head connected to a differential pressure
transducer to measure the air exchange. As illustrated in Section 3.3, the acquisition of the TV
by our proposed system is divided into two steps as data training and testing. In the training
phase, we randomly select a set of training data for calibration. A calibration function is obtained
by linear regression between the reference signal and the sensor signal as Eq. (4). The entire
experiment for each subject last for 3 mins, which can generate a raw dataset from the sensor
and the spirometer with a sampling frequency of 50Hz. After preprocessing, the entire signal
is windowed by one second to generate sufficient datasets to acquire the proposed data-driven
model for TV acquisition. Each subject thus has approximately 180 datasets for training and
testing, in which 70% of these datasets are used as training data and 30% are used as testing
data. We found that with increasing the training data from 70% to 80%, the successful rate
does not significantly affect the results and thus choose 70% as the minimum for training. After
training, the data-driven model is robust for the following testing to estimate TV values for
individuals. The medical metric named the Bland-Altman plot is used to evaluate our predictive
performance on the testing dataset which is shown in Fig. 10(b). It should be noticed that the
calibration function is individual dependent, thus the experiment test should be performed on the
same subject after data training. In the testing phase, the established function is used to map the
volume variations detected by the sensor.

Figure 9(a) shows a minute sample of the raw respiration signals from the sensor and the
spirometer. The wavelet decomposition is implemented to eliminate the noise and baseline drift
in the MATLAB wavelet toolbox. Figure 9(b) shows the normalized waveform of filtered signals.
To numerically analyze the performance of the sensor, Table 1 presents the correlation using the
spirometer as reference. r is the Pearson correlation coefficient, which is defined by:

r =
N

∑
xiyi −

∑
xi

∑
yi√

N
∑
x2i − (

∑
xi)2

√
N

∑
y2i − (

∑
yi)2

(10)

where xi and yi are the sample values of the two groups of data acquired by the sensor and the
spirometer, respectively; N is the sample size of the data. p represents the statistical significance
of the two groups of data. From the records, a high correlation coefficient (<0.8) and low
statistical significance (p< 0.001) are found between the sensor and the spirometer, indicating the
proposed optical fiber sensor is highly correlated with the standard device, and hence effective
for respiration monitoring.

Table 1. Results of abdominal movement signals correlated to volume signals from spirometer

No. r p N

V1 0.904 <0.001 3000

V2 0.896 <0.001 3000

V3 0.928 <0.001 3000

V4 0.809 <0.001 3000

V5 0.935 <0.001 3000
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Fig. 9. Experimental results of respiration signals from the FMF-MZI sensor and the
spirometer. (a) Raw signals, (b) normalized signals after filtering and detrending.

For TV estimation, Fig. 10(a) shows the data training results of one subject. The scattering
points indicate that the amplitude of the abdominal movement detected by the sensor and the
reference volume signal measured by the spirometer are linearly correlated. Figure 10(b) shows
the Bland-Altman plot of TV estimation for test subjects. The statistical results show that when
calibrating on a subject-by-subject basis, the optical fiber sensor produces a bias of 0.0085 L and
a standard deviation of 0.19 L. Accordingly, the 95% limit of agreements were about -0.2-0.2 L,
indicating the maximum error for TV estimation is within 0.2 L.

4.4. Minute ventilation estimation

The MV estimation is based on the measured TV values as it refers to the product of RR and
TV in one minute. During experiments, 3 mins of data for each subject are recorded, thus we
calculate the average of the 3 mins for each subject. With the TV values obtained from Section
4.3, the calculated MV results are listed as the second column in Table 2.

To evaluate the proposed MV measurement method based on our FMF-MZI sensor, the
MV error calibrated by the clinical spirometer system is defined by Eq. (6) and discussed in
Section 3.3. In the experiment, we measure the MV by the FMF-MZI sensor and the spirometer
simultaneously and the MVerror for each subject is then calculated and also listed in Table 2. The
lowest error can reach 0.82% whereas the maximum is 4.83%. From the statistical results, the
overall error of MV estimation can be within 5%.
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Fig. 10. Calibration and estimation of TV measurement. (a) Calibration line of training
data, (b) Bland-Altman plot of TV test. (The blue line indicates the bias and the red line
indicates the 95% limits of agreements.)

Table 2. Results of minute volume estimation and its relative error

No.
MV (L/min)

Difference(L) MVerror(%)
Sensor Spirometer

V1 9.1509 8.8863 0.2646 2.98

V2 9.7393 9.8203 0.0810 0.82

V3 19.5590 19.9899 0.4309 2.16

V4 15.2874 15.7073 0.4199 2.67

V5 7.7684 7.4102 0.3582 4.83

5. Conclusion

In this paper, we propose an optical respiration monitoring method based on an FMF-MZI
sensor, which is capable of monitoring the significant respiratory parameters, RR, TV, and MV
through a wearable design. We carefully consider the curvature sensitivity and the optimal
linear working region of the fiber sensor through experimental design to achieve maximum
sensitivity for accurate respiration monitoring. Through wearable design, the linear working reign
is positioned by an arch structure, which is easily wearable on human abdomen for long-term
continuous monitoring. The proposed respiratory monitoring system is then validated on different
individuals. The instantaneous rate of the abnormal respiratory waveform is analyzed, and the TV
and MV are estimated through a simultaneous test with a standard spirometer. The experimental
results show that the sensitivity of the respiration sensor is up to 8.53 dB/m−1 when working in
the linear region. Respiration monitoring results are in good agreement with those measured by a
standard clinical spirometer. The maximum difference in TV estimation is 0.2 L, and the overall
error of MV estimation is less than 5%. This optical fiber-based sensor shows high feasibility for
long-term monitoring for clinical applications especially for post-operation and care for surgical
patients.
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